Jang HJ, Ridgeway SD, Kim J. Effects of the green tea polyphenol epigallocatechin-3-gallate on high-fat diet-induced insulin resistance and endothelial dysfunction. Am J Physiol Endocrinol Metab 305: E1444 -E1451, 2013. First published October 22, 2013 doi:10.1152/ajpendo.00434.2013.-Insulin resistance, a hallmark of metabolic disorders, is a risk factor for diabetes and cardiovascular disease. Impairment of insulin responsiveness in vascular endothelium contributes to insulin resistance. The reciprocal relationship between insulin resistance and endothelial dysfunction augments the pathophysiology of metabolism and cardiovascular functions. The most abundant green tea polyphenol, epigallocatechin-3-gallate (EGCG), has been shown to have vasodilator action in vessels by activation of endothelial nitric oxide synthase (eNOS). However, it is not known whether EGCG has a beneficial effect in high-fat diet (HFD)-induced endothelial dysfunction. Male C57BL/6J mice were fed either a normal chow diet (NCD) or HFD with or without EGCG supplement (50 mg·kg Ϫ1 ·day Ϫ1 ) for 10 wk. Mice fed a HFD with EGCG supplement gained less body weight and showed improved insulin sensitivity. In vehicle-treated HFD mice, endothelial function was impaired in response to insulin but not to acetylcholine, whereas the EGCG-treated HFD group showed improved insulinstimulated vasodilation. Interestingly, EGCG intake reduced macrophage infiltration into aortic tissues in HFD mice. Treatment with EGCG restored the insulin-stimulated phosphorylation of eNOS, insulin receptor substrate-1 (IRS-1), and protein kinase B (Akt), which was inhibited by palmitate (200 M, 5 h) in primary bovine aortic endothelial cells. From these results, we conclude that supplementation of EGCG improves glucose tolerance, insulin sensitivity, and endothelial function. The results suggest that EGCG may have beneficial health effects in glucose metabolism and endothelial function through modulating HFD-induced inflammatory response. green tea; epigallocatechin-3-gallate; high-fat diet; insulin resistance; endothelial dysfunction; vasodilation THE RECIPROCAL RELATIONSHIP between insulin resistance and endothelial dysfunction plays an important role in pathophysiology of cardiometabolic syndrome (33, 44) . Endothelial dysfunction is one of the characteristics of insulin resistance, and insulin resistance is a hallmark of endothelial dysfunction. Obesity is associated with metabolic and cardiovascular disorders, including insulin resistance, diabetes, atherosclerosis, and hypertension (33, 50, 62, 66) . Hypertrophied adipocytes spill fatty acids to circulation, which is one of the mechanisms for activation of proinflammatory response through Toll-like receptors (TLR) (20, 23, 38, 65, 75, 79) . This proinflammatory response releases various cytokines, including IL-6, IL-8, and TNF␣, and increases infiltrated macrophages (15, 16, 45) . Activation of TLRs stimulates c-Jun NH 2 -terminal kinase (JNK) and inhibitor of nuclear factor-B kinase-␤ (IKK␤), which are the well-known negative regulators for insulinsignaling pathways (18, 31, 54, 82) . Inflammatory cytokines inhibit the specific pathway for activating insulin receptormediated signaling, thereby inhibiting insulin action.
THE RECIPROCAL RELATIONSHIP between insulin resistance and endothelial dysfunction plays an important role in pathophysiology of cardiometabolic syndrome (33, 44) . Endothelial dysfunction is one of the characteristics of insulin resistance, and insulin resistance is a hallmark of endothelial dysfunction. Obesity is associated with metabolic and cardiovascular disorders, including insulin resistance, diabetes, atherosclerosis, and hypertension (33, 50, 62, 66) . Hypertrophied adipocytes spill fatty acids to circulation, which is one of the mechanisms for activation of proinflammatory response through Toll-like receptors (TLR) (20, 23, 38, 65, 75, 79) . This proinflammatory response releases various cytokines, including IL-6, IL-8, and TNF␣, and increases infiltrated macrophages (15, 16, 45) . Activation of TLRs stimulates c-Jun NH 2 -terminal kinase (JNK) and inhibitor of nuclear factor-B kinase-␤ (IKK␤), which are the well-known negative regulators for insulinsignaling pathways (18, 31, 54, 82) . Inflammatory cytokines inhibit the specific pathway for activating insulin receptormediated signaling, thereby inhibiting insulin action.
Endothelial dysfunction is characterized by a reduction of vasodilation. Vascular endothelium maintains vascular tone by secreting various vasodilators and vasoconstrictors, such as nitric oxide (NO) and endothelin-I (13) . One of the vascular actions of insulin is stimulating production of NO to promote vascular function, which contributes to facilitation of glucose disposal in skeletal muscle (3, 62, 71) .
Consumption of green tea is negatively associated with reduced mortality caused by cardiovascular events (37) . Green tea contains polyphenolic compounds that have beneficial health effects in the prevention of the cardiometabolic syndrome (9, 28, 29, 58, 61) . Epicatechin, catechins, epicatechin-3-gallate, and epigallocatechin-3-gallate (EGCG) are the major polyphenols found within green tea, and EGCG is the most abundant form found in green tea (28, 67, 77) . In an epidemiological study, it has been suggested that EGCG has antidiabetic, antiobesity, and anti-inflammatory effects (56) . EGCG improves endothelial function and insulin sensitivity while reducing blood pressure and protecting against ischemia reperfusion injury in spontaneously hypertensive rats (58) . In a randomized triple-crossover controlled study, moderate and high doses of EGCG were given to patients with borderline hypertriglycerolemia, and the treatment reduced plasma triacylglycerol levels by 15.1 (moderate dose) and 28.7% (high dose) (70) .
Despite many studies demonstrating that EGCG has beneficial health effects in various pathophysiological conditions, the effects of EGCG in obesity-induced endothelial dysfunction with regard to proinflammatory response are not reported. In this study, we hypothesize that the EGCG can ameliorate the impaired vasodilator actions of insulin in mice fed high-fat diet (HFD).
MATERIALS AND METHODS
Reagents. Anti-phosphorylated (p)Akt and anti-Akt were obtained from Cell Signaling Technology (Beverly, MA). Anti-IRS-1 was obtained from Millipore (Billerica, MA), Anti-phosphorylated insulin receptor substrate-1 (p-IRS-1; Tyr 612 ) was from BD Biosciences (San Jose, CA), and anti-␤-actin was obtained from Sigma-Aldrich (St. Louis, MO). EGCG was provided by Dr. Hara Yukihiko (Tea Solutions, Hara Office, Tokyo, Japan).
Animals. All animal procedures were performed in accordance with the guidelines and with the approval of the Animal Use and Care
Committee at The University of Alabama at Birmingham. All animals were maintained in a temperature-controlled facility with a 12:12-h light-dark cycle. Twenty male C57BL/6J mice, (6 wk of age) were obtained from The Jackson Laboratory (Bar Harbor, ME) and equally divided into four groups. Mice were fed normal chow (10% kcal from fat; Research Diet D12450B) or HFD (60% kcal from fat; Research Diet D12492) without and with EGCG supplement (50 mg·kg Ϫ1 ·day Ϫ1 ) for 10 wk. All animal groups were given access to water and food ad libitum. A 0.1% concentration of EGCG was prepared by dissolving in sterile water and administered via oral gavage each day. Amount given in milliliters was based on the body weight measured weekly. Tissue samples were stored in RNAlater solution until needed. The remaining tissue samples were flash-frozen in liquid nitrogen. For plasma collection, the blood was centrifuged after a blood clot was formed, and supernatant was collected for further analysis conducted by the University of Alabama at Birmingham's (UAB) Nutrition Science Core facility. Plasma insulin and mouse leptin were measured using a Millipore RIA kit.
Cell culture. Bovine aortic endothelial cells (BAECs) were maintained in F-12K media containing 5% fetal bovine serum (FBS), endothelial cell growth supplement (30 mg/l; BD Biosciences), heparin sulfate (50 g/ml), penicillin (100 U/ml), and streptomycin (100 g/ml). All experiments conducted on BAECs were before their sixth passage.
Measurement of fasting glucose and insulin in serum. Mice were fasted overnight, and the blood was collected before euthanization. Glucose was measured with a hand-held glucometer (Alphatrak; Abbott, Abbott Park, IL). The serum was collected after centrifugation (2,200 g for 10 min at 4°C) of clotted blood. Radioimmunoassay was performed to determine the serum insulin levels by using a Millipore (Billerica, MA) RIA kit. These analyses were conducted by the UAB core facility. Quantitative insulin sensitivity check index (QUICKI) was calculated as 1/{log [fasting insulin (U/ml)] ϩ log [fasting glucose (mg/dl)]} (8, 40, 60) .
Functional assessment for isolated mesentery arterioles. Mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg). Mesenteric arteries were excised from the animal and placed in a cooled (4°C) chamber containing dissection buffer [145 mM NaCl, 4.7 mM KCl, 2 mM CaCl, 1.2 mM MgSO 4, 1 mM NaH2PO4, 5 mM glucose, 3 M 3-(N-morpholino) propansulfonic acid buffer, 2 mM pyruvate, 0.02 mM EDTA, and 1% BSA, pH 7.4]. The isolated arteries were then cannulated with glass micropipettes with monofilament suture and mounted in a custom-designed tissue chamber (Living System Instrumentation, Burlington, VT). The arteries were pressurized to 45 mmHg intraluminally with the same buffer without flow and superfused with buffer but without albumin. The vessel preparations were positioned on the stage of an inverted microscope. The vessel segments were gradually warmed to 37°C during a 30-min equilibration period. After baseline diameter was established, arteries were exposed to phenylephrine (1 M) until a maximal contraction was achieved (5 min). The vessels were subsequently stimulated with various stimulators (10 Ϫ11 to 10 Ϫ5 M, 3 min/concentration), including insulin, acetylcholine, or sodium nitroprusside. The dilator responses to insulin were observed and recorded. Measurement of vessel diameter (in m) was performed with an electronic video caliper (Living Systems Instumentation, St. Albans, VT), and recorded by using Lab Chart software (AD Instruments, Colorado Springs, CO).
The data are expressed as means Ϯ SE. The vasodilator responses to insulin were calculated as percent relaxation from the phenylephrine constriction according to the following equation:
ID treat is the diameter that was obtained when the vessel was treated with insulin, ID PE is the diameter that was obtained when the vessel was constricted with phenylephrine, and ID w/oCa 2ϩ is the maximal passive diameter that was observed when the vessel was fully dilated in buffer containing 2 mM EGTA and 100 M adenosine without Ca 2ϩ . Preparation of cell lysates and immunoblotting. Before lysis, cells were washed briefly with ice-cold PBS. Cells were then scraped in lysis buffer containing 50 mM Tris (pH 7.2), 125 mM NaCl, 1% Triton X-100, 0.5% NP-40, 1 mM EDTA, 1 mM Na 3VO4, 20 mM NaF, 1 mM Na pyrophosphate, and complete protease inhibitor cocktail (Roche Applied Science). Cell debris was pelleted by centrifugation of samples at 17,000 g for 10 min at 4°C. Supernatants were then boiled with Laemmli sample buffer for 5 min, and proteins were resolved by 10% SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with specific antibodies, as described in the figure legends using standard methods. Immunoblots were visualized and quantified by Image Analyzer (Vision Work) and UVP.
RT-PCR. The cells were treated as described in the figure legends. Total RNA was prepared by using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. One microgram of total RNA was used for cDNA synthesis by using the Omniscript RT Kit (Qiagen, Valencia, CA). Then the cDNA was subjected to semiquantitative PCR analysis by using the Hat Star Taq Master Mix Kit (Qiagen). PCR product was visualized with fluorescent dye (Envirosafe DNA/RNA Stain; Helixx Technologies), and the image was analyzed and quantified by Image Analyzer (Vision Works) and UVP. Black and white colors were inverted by using the software. The primers for each gene areas follows: ␤-actin forward, TGTTACCAACTGGGAC-GACA; ␤-actin reverse, GGGGTGTTGAAGGTCTCAAA; F4/80 forward,TGCCACAACACTCTCGGAAGCTAT; F4/80 reverse, TCCTG-GAGCACTCATCCACATCTT.
RESULTS

EGCG reduced HFD-induced weight gain without altered food intake.
To examine whether supplementation of EGCG has an effect on HFD-induced weight gain, we measured body weight once/wk. Mice fed HFD gained more weight compared with the mice fed normal chow diet (NCD) after 6 wk of feeding. Mice on a HFD supplemented with EGCG gained less weight compared with mice on a HFD without EGCG supplementation on the 10th wk (Fig. 1A) . Food intake was higher in HFD groups, but there was no difference in food intake whether EGCG was supplemented or not in both NCD and HFD groups (Fig. 1B) . We also measured weights of liver and epididymal adipose tissue. HFD increased weights of both liver and adipose tissue, and EGCG supplementation reduced the weights of liver and adipose tissue only in the HFD mice (Fig.  1, C and D) .
EGCG ameliorated HFD-induced insulin resistance. We measured fasting glucose and insulin levels to evaluate whether EGCG supplementation prevents HFD-induced insulin resistance. The fasting glucose level was elevated by HFD, and EGCG intake has a trend of reducing fasting glucose level, but the values were not statistically significant [high fat (HF): 38.8 Ϯ 2.01 g; HF/EGCG: 34.4 Ϯ 1.72 g; P Ͻ 0.05]. The fasting glucose level in the EGCG-treated HFD group is not different from the NCD groups ( Fig. 2A) . Fasting insulin level was greatly increased by HFD, and supplementation of EGCG reduced the fasting insulin level significantly (Fig. 2B) . Serum leptin level was increased by HFD, and EGCG intake suppressed leptin level, but the values were not statistically significant (Fig. 2C) . The insulin sensitivity surrogate index QUICKI indicates that the HFD mice were more insulin resistant compared with NCD mice, and EGCG supplementation ameliorated HFD-induced insulin resistance (Fig. 2D) .
EGCG effect on insulin-stimulated vasodilation in mesentery arteries. To examine whether EGCG has an ability to ameliorate HFD-induced endothelial dysfunction, the effects of EGCG on vasodilator actions of various reagents in mesentery arteries were examined (Fig. 3) . The vessels dilated in response to insulin in a dose-dependent fashion, and there was no significant difference between the vessels from NCD and NCD/EGCG. Vessels isolated from HFD mice showed significantly impaired insulin-stimulated vasodilation compared with the vessels isolated from NCD mice. However, vessels from EGCG-treated HFD mice showed significant improvement of vasodilation compared with the vessels isolated from Six-week-old C57BL/6J mice were fed NCD or HFD with or without EGCG for 10 wk. Food was removed the night before euthanization. Serum was collected, and fasting blood glucose (A), insulin (B), and leptin (C) levels were determined as described in MATERIALS AND METHODS. D: EGCG intake ameliorated HFD-induced insulin resistance. Insulin sensitivity was determined by quantitative insulin sensitivity check index (QUICKI). Data are presented as means Ϯ SE (n ϭ 5). The data were analyzed by 1-way ANOVA combined with Newman-Keuls post hoc test. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, NCD vs. HFD.
HFD mice (Fig. 3A) . Acetylcholine (ACh) is a well-known cholinergic agonist that stimulates endothelial NO synthase (eNOS) mainly through a Ca 2ϩ -mediated mechanism. Interestingly, neither HFD nor EGCG has an effect on ACh-mediated vasodilation (Fig. 3C) . Then, we examined whether NOSindependent vasodilation is altered by HFD or EGCG. We treated sodium nitroprusside (SNP), which generates NO independent of NO synthase (NOS) activity to dilate vessels. There was no difference in the SNP-stimulated vasodilation between groups. These results suggest that HFD causes impairment of vasodilator actions of insulin but not ACh-or SNP-stimulated vasodilation, and supplementation of EGCG for 10 wk was able to prevent it.
EGCG prevents HFD-induced inflammation by inhibition of macrophage infiltration. Macrophage infiltration plays an important role in both atherosclerosis and insulin resistance (42, 52, 75, 79) . We examined the expression levels of F4/80, a cell surface receptor and a marker for macrophage, by RT-PCR analysis whether EGCG can prevent macrophage infiltration in HFD mice. More macrophages were infiltrated into HFD mice aorta, which was prevented by treatment with EGCG (Fig. 4, A  and B) . Interestingly, macrophage infiltration in adipose tissue was not observed in the HFD mice (Fig. 4, C and D) . The result suggests that EGCG prevents the HFD-induced macrophage infiltration in aorta.
Treatment with EGCG prevents the saturated fatty acidmediated impairment of insulin-signaling pathways in primary vascular endothelial cells. Insulin-signaling pathways in vascular endothelial cells contribute to vasodilator actions of insulin. The insulin receptor stimulating the phosphatidylinositol (PI) 3-kinase pathway to activate Akt plays an especially important role in the stimulation of eNOS and NO production Fig. 3 . EGCG improved insulin-stimulated vasodilation. C57BL/6J mice were fed NCD or HFD without or with EGCG for 10 wk. Mesentery arteries were isolated from mice. The arteries were canulated onto glass micropipettes and pressurized to 45 mmHg using a Pressure Servo System and warmed to 37°C for 30 min of stabilization. Arterioles were preconstricted with phenylephrine (1 M) and then exposed to increasing concentrations of insulin (A), acetylcholine (ACh; B), or sodium nitroprusside (SNP; C). The vasodilatory activity in response to each stimulator on the arteries was observed and recorded using a data acquisition system. Endothelial function in response to insulin was improved in the arteries isolated from EGCG-treated HFD mice compared with the arteries isolated from HFD mice. The vasodilatory responses to ACh and SNP were not different between groups. Data are presented as means Ϯ SE (n ϭ 5). that culminates in vasodilation (46, 47) . Saturated fatty acid (SFA)-mediated inhibition of insulin-stimulated Akt leads to impairment of vascular actions of insulin (24, 25, 30 . Treatment with EGCG restored the insulin-stimulated phosphorylation of eNOS, IRS-1, and Akt (Fig. 5) . The results suggest that EGCG prevents SFA-induced impairment of insulin signaling in vascular endothelial cells, which may be the mechanism for the protective effects of EGCG in HFD-induced endothelial dysfunction.
DISCUSSION
In the present study, we demonstrate that EGCG has protective effects on HFD-induced insulin resistance and endothelial dysfunction. The potential mechanism underlying the beneficial effects of EGCG may be through reduction of macrophage infiltration and augmentation of insulin-signaling pathways, leading to enhanced vasodilation. This is the first report showing that EGCG has a beneficial vascular effect in the HFD-induced insulin-resistant mouse model.
Reduction of body weight and improvement of insulin sensitivity. We demonstrate that EGCG supplementation partially prevents HFD-induced weight gain without significant difference in calorie intake (Fig. 1, A and B) . Although the food intake was not significantly reduced, there was a trend of slightly less food intake in EGCG-treated groups. The reduced food intake may contribute to the reduction of body weight over the longer period of feeding. As a corollary, liver and epididymal adipose tissue weights are reduced by EGCG treatment in the HFD groups, whereas there were no differences in the NCD groups (Fig. 1, C and D) . However, there may be other mechanisms involved in EGCG-induced reduction of body weight. The effects of green tea extract (GTE) and EGCG on prevention of obesity have been shown in both genetic and diet-induced animal models (5, 51, 55, 68, 69) . The underlying mechanisms may be a combination of reduced lipid absorption (5, 14) and increased lipolysis and fatty acid oxidation, etc. (21, 39, 76) . We observed that EGCG treatment reduces fasting glucose and insulin levels in the HFD groups (Fig. 2, A and B) . Because fasting glucose level is contributed mainly by hepatic gluconeogenesis, it is possible that EGCG may have an effect on reduced gluconeogenesis. In fact, it has been shown that EGCG reduces hepatic glucose production through activation of the CaMKK␤/AMPK pathway and/or inhibition of tyrosine phosphatase, which in turn, reduces the expression of gluconeogenic enzymes (9, 73, 81) . The similar effects of EGCG and GTE are reported in both fructose-and HFD-induced insulin-resistant models (53, 78) . These studies show that the expression levels of GLUT4 in the skeletal muscle and adipose tissue are increased by GTE or EGCG, which may be the mechanism for the anti-insulin resistance effect of green tea polyphenols. Nonetheless, green tea poly- phenols may have an effect on enhancing energy metabolism, which leads to improved insulin sensitivity and prevention of weight gain. Link between insulin resistance and endothelial dysfunction. Insulin resistance is characterized by endothelial dysfunction, and endothelial dysfunction is a hallmark of insulin resistance (2, 33) . The reciprocal relationship between endothelial function and insulin sensitivity is the physiological contributor for the link between metabolism and cardiovascular functions (28, 31, 33, 50) . Previously, we showed that EGCG ameliorates insulin resistance and endothelial dysfunction in spontaneously hypertensive rats and that EGCG has a direct effect on vasodilation through the activation of the Fyn/PI 3-kinase/Akt/ eNOS signaling pathway (29, 58) . In the present study, we demonstrate that insulin-stimulated vasodilation is impaired in the mesenteric arteries isolated from the HFD group and that chronic treatment of EGCG treatment restored the insulinstimulated vasodilation (Fig. 3) . This is consistent with the previous studies showing that endothelial dysfunction causes impairment of nutritive capillary recruitment in the skeletal muscle that is associated with impaired glucose tolerance and insulin resistance (1, 2, 33, 36, 44, 59, 72) . In contrast, HFD did not affect ACh-stimulated vasodilation (Fig. 3B ). This result is consistent with the previous studies (22, 35, 57, 64) , but other studies show that HFD leads to the impairment of vascular relaxation to ACh (4, 10, 63) . ACh stimulates G protein-coupled receptor and the Ca 2ϩ /calmodulin-signaling pathway to activate eNOS, which is distinct from the insulin signaling to activate eNOS (46, 47) . Thus, HFD may differentially affect insulin signaling and ACh-mediated signaling pathways. Endothelial-derived constricting factor or reactive oxygen species may also differentially contribute to the HFDinduced endothelial dysfunction (49) . The discrepancy in results from different laboratories may be due to the genetic background of animals, diet, husbandry, severity of insulin resistance and vessels, or other factors. The future studies on the detailed mechanisms for the effects of HFD on insulin-and ACh-induced eNOS activation will reveal the discrepancies. Nonetheless, HFD causes the impairment of insulin-stimulated vasorelaxation that precedes the impairment of ACh responsiveness. This suggests that mild insulin resistance may not reveal the obvious impairment of ACh-stimulated vasodilation.
EGCG stimulates AMPK (9, 27, 61) , which is another upstream kinase to phosphorylate eNOS at the same serine site that Akt phosphorylates (7). Thus, AMPK may mediate the actions of EGCG to improve insulin sensitivity and endothelial function. Because AMPK facilitates ␤-oxidation and autophagy to increase fatty acid oxidation, EGCG can contribute indirectly to the prevention of endothelial dysfunction and insulin resistance by facilitation of lipid metabolism. Thus, the physiological actions of EGCG may be through both direct and indirect mechanisms to augment insulin actions.
Anti-inflammatory effect of EGCG in HFD-induced obesity. HFD increases circulating free fatty acids, which causes inflammation and lipotoxicity (26, 31, 32) . The HFD-induced proinflammatory responses, including activation of IKK␤ and JNK, production of cytokines, and cell adhesion molecules, are implicated as a mechanism for insulin resistance and endothelial dysfunction (18, 20, 25, 82) . Moreover, obesity-induced macrophage infiltration plays the major role in insulin resistance (75, 79) and endothelial dysfunction (11, 74) . The underlying mechanisms, such as increased serine phosphorylation of IRS-1 and ER stress, have been proposed (12, 19, 34, 41, 48, 54) . Thus, EGCG may improve insulin signaling through inhibition of proinflammatory responses. We observed that macrophage infiltration occurs in the vasculature but not in adipose tissue (Fig. 4) . This is consistent with the previous study showing that the endothelial dysfunction precedes metabolic insulin resistance (21) . HFD causes stimulation of TLR, which leads to production of proinflammatory cytokines and endoplasmic reticulum stress (20, 23, 25, 31, 43) . Considering the anti-inflammatory role of EGCG as a specific inhibitor for TLR2 and TLR4 (5, 6, 17, 80) , it is conceivable that EGCG may have beneficial effects through the inhibition of TLRs in vascular endothelium and that it preserves insulin signaling even in the presence of SFAs.
In summary, the present study demonstrates that supplementation of EGCG prevents HFD-induced body weight gain, insulin resistance, and endothelial dysfunction. These beneficial health effects of EGCG may be due to the reduction of macrophage infiltration in the vasculature and improvement of insulin-signaling pathways. Thus, drinking green tea may prevent obesity-induced health problems. This suggests that the lifestyle adjustment by drinking tea may have therapeutic potential to improve public health and can be used to lower medical costs.
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